Purpose: The purpose of this study was to evaluate the sensitivity, specificity, and positive and negative predictive values of the diffusionweighted periodically rotated overlapping parallel lines with enhanced reconstruction (PROPELLER) technique in the detection of cholesteatoma at our institution with surgical confirmation in all cases. Methods: A retrospective review of 21 consecutive patients who underwent diffusion-weighted PROPELLER magnetic resonance imaging (MRI) on a 1.5T MRI scanner prior to primary or revision/second-look surgery for suspected cholesteatoma from 2009-2012 was performed. Results: Diffusion-weighted PROPELLER had a sensitivity of 75%, specificity of 60%, positive predictive value of 86%, and negative predictive value of 43%. In the 15 patients for whom the presence or absence of cholesteatoma was correctly predicted, there were 2 cases where the reported locations of diffusion restriction did not correspond to the location of the cholesteatoma observed at surgery. Conclusion: On the basis of our retrospective study, we conclude that diffusion-weighted PROPELLER MRI is not sufficiently accurate to replace second look surgery at our institution. R esultats : La s equence PROPELLER pond er ee en diffusion a affich e une sensibilit e de 75 %, une sp ecificit e de 60 %, une valeur pr edictive positive de 86 % et une valeur pr edictive n egative de 43 %. Parmi les 15 patients chez qui la pr esence ou l'absence de cholest eatome a et e correctement pr edite, il y a eu deux cas o u la zone de restriction de la diffusion ne correspondait pas a l'emplacement du cholest eatome observ e lors de la chirurgie. Conclusion : Notre etude r etrospective r ev ele que la s equence d'IRM PROPELLER pond er ee en diffusion n'est pas assez pr ecise pour remplacer une chirurgie de second regard a notre etablissement.
loss, meningitis, brain abscess, facial paralysis, and otic hydrocephalus [1] . Cholesteatoma is one of the most common middle ear diseases encountered in otology, and constitutes a significant percentage of the surgical volume in otology practices. The treatment for this lesion is surgical excision; however, recurrent or residual disease is common and second-look surgery is often required for both diagnosis and treatment [2, 3] . In fact, many surgeons perform routine second look surgery after cholesteatoma excision at 6-18 months to look for residual or recurrent disease [4] .
Computed tomography (CT) has historically been the primary imaging modality for investigating the middle ear; however, in the postoperative middle ear, cholesteatoma is indistinguishable from granulation tissue, mucoid secretions, cholesterol granuloma, and fibrous tissue on CT [5, 6] . Several authors have reported good results with magnetic resonance imaging (MRI) and echo-planar imaging (EPI) diffusion-weighted imaging (DWI) because cholesteatomas exhibit restricted diffusion [7, 8] , although diagnostic accuracy is limited by susceptibility artifacts arising at air-bone and air-soft tissue interfaces at the skull base [9] . Non-EPI techniques, based on fast spin echo (FSE) pulse sequences, are less sensitive to susceptibility artifacts than EPI sequences due to the 180-degree refocusing radiofrequency pulse. Non-EPI sequences, including half-Fourier acquisition single shot turbo spin echo (HASTE) DWI and periodically rotated overlapping parallel lines with enhanced reconstruction (PROPELLER) DWI [10, 11] have shown promise for accurate detection of cholesteatoma, with some studies reporting a sensitivity and specificity of over 90% [12e14] . These encouraging results have led to the suggestion that MRI can reliably replace second-look surgery. This option is tempting because of the expected cost savings and decrease in surgical morbidity.
Not all studies have yielded such good results. Reported sensitivities range from 43% [15] to 100% [9, 14] , and specificities range from 58% [15] to 100% [9, 12, 14] . The methods for assessing the accuracy of MRI are also variable. In some studies, patients with a negative MRI examination do not undergo second-look surgery for confirmation [13,16e18] ; most studies do not describe detailed histological correlation [16, 19, 20] , and only a small number of studies compare the size and location of the cholesteatoma as seen on MRI with that noted on surgical exploration [21] .
Due to the aggressive nature of cholesteatoma, a high sensitivity and specificity are desirable. In this study, we retrospectively evaluate the sensitivity, specificity, and positive predictive value (PPV) and negative predictive value (NPV) of the PROPELLER DWI technique in the detection of cholesteatoma at our institution with surgical confirmation in all cases.
Subjects and Methods
We performed a retrospective review of 21 consecutive patients who underwent diffusion-weighted PROPELLER MRI on a GE Signa HDxt 1.5T MRI (GE Healthcare, Waukesha, WI, USA) scanner prior to primary or revision/ second-look surgery for suspected cholesteatoma from 2009-2012. There were 14 men and 7 women, with an average age of 34 years (range 16-73 years). Our institutional ethics review board approved this study.
MRI Protocol
Imaging was performed with the standard 8-channel head radiofrequency coil. Sagittal T1 fluid-attenuated inversion recovery (FLAIR), coronal T2 single-shot (SS) FSE, and FIESTA images were acquired as per standard protocol, followed by axial diffusion-weighted EPI of entire brain: b ¼ 1000, echo time 85 ms, bandwidth 250 kHz, field of view 22 cm, matrix 128 Â 128, slice thickness 5 mm, 1 number of excitations (NEX), time 30 seconds, and axial PROPELLER DWI focused on middle ear cavity: b¼1000, repetition time/echo time 5000/ 98 ms, echo train length 16, bandwidth 83.3 kHz, field of view 22 cm, matrix 128 Â 128, slice thickness 4 mm, 1.5 NEX, time 4 minutes, 5 seconds.
A neuroradiologist who was blinded to the intraoperative findings reviewed the MR images.
Statistics
The PROPELLER DWI results were correlated with the intraoperative findings and corresponding histopathology. The sensitivity, specificity, PPV, and NPV were calculated.
Results
There were 12 true positive, 3 true negative, 2 false positive, and 4 false negative cases, resulting in a sensitivity of 75%, specificity of 60%, PPV of 86%, and NPV of 43%. An example of a true positive case with correct localization of cholesteatoma by PROPELLER DWI is shown in Figure 1 .
In the 15 patients for whom the presence or absence of cholesteatoma was correctly predicted, there were 2 cases where the reported locations of diffusion restriction did not correspond to the location of the cholesteatoma observed at surgery. In 1 case, the cholesteatoma was reported to be in the superolateral aspect of the attic, whereas at surgery, cholesteatoma was found to fill the antrum (Figure 2 ). In the second case, cholesteatoma was reported in residual mastoid air cells; however, surgery revealed cholesteatoma in the anterosuperior attic.
There were 2 false positive and 4 false negative findings, examples of which are shown in Figures 3 and 4 . The images for false negative and false positive cases were retrospectively reviewed by 1 of the authors (M.N.K.). In 1 false negative case, the EPI DWI sequence detected a small focus of diffusion restriction that was missed by the PROPELLER DWI sequence and subsequently not reported. No additional reporting errors or missed diagnoses were found upon re-review of the images.
We had 2 false positive results in our patient cohort. In both, there was granulation tissue at the site of diffusion restriction. Additionally, in 1 of these cases, there was coexisting cholesterol granuloma. Of the 4 false negative cases, 1 was likely missed because of the small size of the cholesteatoma (approximately 2 mm). Two of the other false negatives were retraction pockets without keratin accumulation. The fourth false negative was a large cholesteatoma in the mastoid cavity; the reason for missed diagnosis on MRI could not be determined.
Discussion
Our results for sensitivity, specificity, PPV, and NPV fall within the lower half of the range reported in other studies of DWI for cholesteatoma. While some previous reports have found very high sensitivity and specificity of PROPELLER DWI and other non-EPI techniques for identifying cholesteatoma [14, 18, 22, 23] , we could not reproduce these results. This discrepancy could in part be explained by the fact that all of the patients in our cohort underwent surgery, including MRI negative cases, unlike some studies in which negative cases were not operated upon [14, 22, 24] that reported sensitivities and specificities ranging from 89%-100% and 87.2%-100%, respectively. In particular, Lehmann et al [14] reported 100% for sensitivity, specificity, PPV, and NPV; however, surgery was only performed on 10 of 35 subjects. Kasbekar et al [15] also used a 1.5T GE magnet and the PROPELLER DWI sequence and had results similar to ours, with a sensitivity, specificity, PPV, and NPV of 71%, 58%, 50%, and 78%, respectively, for the more experienced of 2 observers. As in our study, surgery was performed on all patients. Another study with surgical correlation in all cases assessed the non-EPI sequence (HASTE DWI) in 55 children and adolescents found a sensitivity, specificity, PPV, and NPV of 76%, 90%, 94%, and 64%, respectively [25] . The . Although the presence of cholesteatoma was correctly predicted, disease was reported to be in the superolateral attic whereas at surgery cholesteatoma was found filling the antrum.
authors concluded that non-EPI DWI correctly detected the majority of lesions but could not reliably exclude small cholesteatomas and empty retraction pockets; therefore, they could not generally recommend MR as a substitute for second-look surgery. Other reasons suggested in the literature for the difference in results between studies include learning curve of radiologist, number of imaging planes, magnet strength, matrix resolution, and use of head coil including number of channels [18, 26] .
In our small cohort, PROPELLER DWI demonstrated a significant false positive and false negative rate. In addition, the location of the cholesteatoma on DWI was discordant with that found at surgery in 10% of cases. Although DWI provides good soft-tissue contrast, the inherently low signal-to-noise ratio and poor depiction of the surrounding osseous anatomy may have contributed to our discordant findings. The poor lesion localizing capacity of DWI has been noted by others [27] . The precise location of the cholesteatoma is important because it has implications for the surgical approach [28] . In cases of residual/recurrent cholesteatoma, where DWI is positive for cholesteatoma but the reported site of diffusion restriction is clear of disease, the surgeon must then perform a thorough examination of the remaining middle ear and mastoid to avoid missing cholesteatoma that is present.
Documented causes of false positive results include silastic sheets [29] or bone pate powder [30] that were put into the middle ear or mastoid during the first procedure; granulation tissue or cholesterol granuloma [7, 15, 29] ; dense tympanosclerosis [31] , motion artifact [31] , empyema in the mastoid [16, 22] , major artifact related to a dental brace [32] encephalocoele [9] , and cerumen in the ear canal [15] . Reported causes of false negatives include small cholesteatomas <5 mm in size [14, 33] , or empty/partially evacuated retractions [25] and susceptibility [31] or motion artifact [9] .
Our study has several limitations. Firstly, we performed a retrospective study in a small number of patients. However, study design and number of patients is typical of other published studies in this field [13, 15, 32, 34] . Despite the small sample size, these results have had an impact on patient care at our institution because our surgeons have decided that second look surgery remains necessary in all patients and cannot be reliably replaced by MRI. Secondly, only 1 observer reviewed the images, so we could not assess interobserver variability. Studies have indicated that interobserver agreement is, in general, good to excellent [14, 19, 29] . Future researchers should focus on optimizing MR protocols for identification and localization of cholesteatoma. It has been suggested that the apparent diffusion coefficient can separate cholesteatoma from abscess; therefore, computed apparent diffusion coefficient maps may aid in diagnosis and would eliminate the subjectivity of interpretation, as the lack of a precise definition of what constitutes diffusion restriction in the context of temporal bone imaging is a known limitation of studies in this field [35] . A close working relationship with the referring otolaryngologists will likely be critical, as there is a learning curve for interpretation of these studies. Case-by-case feedback would be especially important in post-operative cases where knowledge of reconstruction procedures and placement of ossicular prostheses or bone cement is necessary for accurate radiologic interpretation [25] .
Conclusion
In our small cohort, PROPELLER DWI demonstrated a significant false positive and false negative rate. Complete reliance on PROPELLER DWI in managing patients with suspected or history of cholesteatoma may lead to patients being over diagnosed or under diagnosed. On the basis of our retrospective study, we conclude that DWI, even with a noneEPI-based sequence such as PROPELLER, is not sufficiently accurate to replace second look surgery at our institution.
